The rubber tree (Hevea brasiliensis Muell. Arg) is a tropical, perennial, woody plant that is susceptible to cold stress. In China, cold stress has been found to severely damage rubber plants in plantations in past decades. Although several Hevea clones that are resistant to cold have been developed, their cold hardiness mechanism has yet to be elucidated. For the study reported herein, we subjected the cold-resistant clone CATAS93-114 and the cold-sensitive clone Reken501 to chilling stress, and characterized their transcriptomes at 0, 2, 8 and 24 h after the start of chilling. We found that 7870 genes were differentially expressed in the transcriptomes of the two clones. In CATAS93-114, a greater number of genes were found to be up-or downregulated between 2 h and 8 h than in Reken501, which indicated a more rapid and intensive response by CATAS93-114 than by Reken501. The differentially expressed genes were grouped into seven major clusters, according to their Gene Ontology terms. The expression profiles for genes involved in abscisic acid metabolism and signaling, in an abscisic acid-independent pathway, and in early signal perception were found to have distinct expression patterns for the transcriptomes of the two clones. The differential expression of 22 genes that appeared to have central roles in response to chilling was confirmed by quantitative real-time PCR.
Introduction
The rubber tree (Hevea brasiliensis Muell. Arg) is a tropical, perennial, woody plant susceptible to cold stress (Cheng et al. 2015) . Owing to its economic importance as the major source of natural rubber, rubber trees are widely planted betweeñ 15°N and~10°S. Beginning in the 1950s, rubber tree plantations were established between 18°N and 24°N in southern China on a large scale. However, cold stress has been the most restrictive environmental factor as it negatively impacts the profitability of rubber plantations in China. Rubber trees have often been severely injured during the winter in provinces Guangdong, Yunnan and Guangxi (He and Huang 1987 , Wang et al. 2008 , Kang et al. 2009 ). Breeding and cultivating rubber trees that are resistant to cold stress have been important endeavors in China.
To date, several cold-resistant Hevea clones have been developed, including CATAS93-114, GT1 and Yunyan77-4, which are widely cultured in northern rubber tree plantations (Cheng et al. 2015) . Methods have also been developed to prevent rubber trees from being harmed by cold weather (Zheng and Fu 2009, An et al. 2016) . Consequently, the acreage of Chinese rubber tree plantations is presently 1.13 million hectares; even with the aforementioned efforts, however, cold stress remains an important issue for the economics of cultivation of rubber trees in China and northern India (Mai et al. 2010 , Das et al. 2013 .
Recent studies have successfully elucidated the mechanisms underlying cold resistance in plants. Several signaling pathways responsive to low temperature have been identified, thereby deepening our understanding of how plants resist cold stress.
Cold stress induces changes in gene expression that enables plants to resist winter temperatures (Guy 1990 , Winfield et al. 2010 , Carvallo et al. 2011 , Zhao et al. 2012 . In general, cold stress manifests as chilling (0-15°C) and freezing (<0°C) temperatures (Sanghera et al. 2011) . In temperate regions, plants can acclimate to cold stress by adjusting their gene expression and metabolic profiles under nonfreezing temperature and acquire enhanced freezing hardiness. However, plants derived from tropical and subtropical regions are sensitive to chilling stress as they lack the mechanism of the cold acclimation. During cold acclimation, changes occur at the transcription level in several cold-signaling pathways (Thomashow 1999 , Chinnusamy et al. 2007 , Galiba et al. 2009 , Jeon and Kim 2013 . These pathways often interact to form a gene network. Typically, two types of cold acclimation pathways have been identified: abscisic acid (ABA)-dependent and -independent pathways. The ABA-dependent pathway requires the accumulation of ABA and the activation of several transcription factors including AREB/ABFs (ABA responsive element binding protein/ABRE binding factor), MYBs, MYCs and NAC/RD26 (no apical meristem/responsive to desiccation 26) (Choi et al. 2000 , Abe et al. 2003 , Fujita et al. 2004 , Lee et al. 2010 , Yoshida et al. 2010 , Nakashima et al. 2014 . These transcription factors then interact with the cis-elements ABRE (ABA-responsive element), MYCRS (MYB recognition site) and MYCRS (MYC recognition site), and activate the downstream functional genes, such as RD22 (responsive to desiccation 22), RD20 (responsive to desiccation 20), RD29B (responsive to desiccation 29b) and ERD1 (ER retention defective 1). The ABA-independent pathway does not require ABA to activate gene expression during cold acclimation. An intensively studied ABA-independent pathway is the ICE1-CBF1 regulon, which comprises the ICE1 (inducer of CBF expression1) gene, the CBF1 (CRT/DRE binding factor 1) gene and their downstream COR (cold responsive) family of functional genes (Yamaguchi-Shinozaki and Shinozaki 1993 , 1994 , Stockinger et al. 1997 , Medina et al. 1999 , Chinnusamy et al. 2003 . ICE1 is activated under cold stress, and its protein product induces expression of the CBF transcription factors, which bind to the CRT/DRE DNA motif to regulate the COR expression, thereby conferring freezing tolerance. Both the ABA-dependent and -independent pathways control the ability of plants to tolerate cold conditions.
Early responses of plants to cold stress have also been investigated (Örvar et al. 2000 , Sangwan et al. 2001 , Catalá et al. 2003 , Vergnolle et al. 2005 , Carpaneto et al. 2007 , although certain information is still needed. The fluid mosaic physical state of the plasma membrane is believed to be vital to sense temperature stress (Örvar et al. 2000 (Örvar et al. , Chinnusamy et al. 2010 ) as a decrease in temperature can rapidly cause membrane rigidity, which is expected to affect the metabolic reactions and, consequently, metabolite concentrations. The plasma membrane rigidification under cold stress can also lead to rearrangement of the actin cytoskeleton, induction of Ca 2+ channels and increased cytosolic Ca 2+ concentration (Sangwan et al. 2001) . Cytosolic Ca 2+ acts as second messenger of cold stress by activating the CDPK (calcium-dependent protein kinase), calmodulin and MAPK (mitogen-activated protein kinase) cascade (Teige et al. 2004 , Shinozaki and Yamaguchi-Shinozaki 2007 , Chinnusamy et al. 2010 . Cytosolic Ca 2+ also induces the generation of reactive oxygen species (ROS), which act as both early signal molecules and toxin (Suzuki et al. 2011 , Baxter et al. 2014 . Reactive oxygen species accumulation under cold stress may be sensed via the MAPK cascade, which positively regulates cold acclimation in plants (Pitzschke and Hirt 2006) . The identification of transcription factors and their target genes that are regulated by early signal molecules during cold stress greatly increased our understanding of signaling in response to cold stress in plants.
The study of cold signaling in model plants facilitates the study of cold resistance in rubber trees. In recent years, several genes and the pathways involved in their regulation have been identified and shown to be involved in cold resistance of the rubber tree (Pirrello et al. 2014 , Cheng et al. 2015 , 2016b , Deng et al. 2017 , Lestari et al. 2018 . These genes were identified using a homology-based cloning strategy. The CBF pathway was demonstrated to be functional in rubber trees, although fewer copies of COR family genes may lead to susceptibility to the cold in this species. Other homologous genes involved in cold resistance have also been characterized, including HbICE1 (Deng et al. 2017 , Yuan et al. 2017 , HbCOR47 (Cheng et al. 2016a) and HbEBP1 (Cheng et al. 2016b ). These studies provided information about how rubber trees respond to cold stress, although they did not reveal why rubber trees are not cold resistant and what features contribute to cold hardiness in coldresistant clones.
Recently, RNA-Seq technology has enabled characterization of the complexity inherent in transcriptomes and has greatly facilitated genetic research involving non-model plants. Comparative transcriptomics readily provides insight into genes involved in cold signaling without knowledge of the complete genome sequence , Rowland et al. 2012 , Zhao et al. 2012 , Fu et al. 2016 . RNA-Seq technology has been also extensively used to explore gene expression and to develop functional molecular markers in rubber trees (Li et al. 2012 , Salgado et al. 2014 , Chao et al. 2015 , Liu et al. 2015 , Fang et al. 2016 . For the study reported herein, we performed a comparative transcriptomic study to identify genes important to chilling resistance in rubber trees.
Materials and methods

Plant materials and chilling treatment
The rubber trees clones CATAS93-114 and Reken501 were cultivated in a greenhouse, and the chilling treatment was carried out as described by Cheng et al. (2015) . Briefly, the seedlings were transferred into a climate-controlled chamber that had been cooled to 4°C, and leaf samples were collected at 0, 2, 8 and 24 h after transfer. The samples were immediately stored in liquid nitrogen. Each sample was from at least three different seedlings, and three biological replicates were collected at each time point for each clone.
cDNA library construction and sequencing
For construction of the cDNA library, total RNA was extracted from the leaves as described by Cheng et al. (2016b) . A total of 24 Illumina cDNA libraries were prepared using reagents from Illumina Truseq RNA Library Preparation kit (Illumina, San Diego, CA USA) according to the manufacturer's instructions. Fragmented RNA served as the first-strand for cDNA synthesis with N6 random hexamer primers. The paired-end adaptor was ligated and the fragments were then selected on an agarose gel and amplified. Paired-end sequencing was performed on an Illumina HiSeq™2500 system (Illumina, San Diego, CA, USA).
De novo transcriptome assembly and functional annotation
The sequencing reads were assessed for their quality using FastQC software (http://www.bioinformatics.bbsrc.ac.uk/ projects/fastqc/). The raw reads were filtered using the fastq_quality_filter command in FASTX-toolkit (http://hannonlab. cshl.edu/fastx_toolkit/index.html), and the 3′-end low-quality sequences (<Q20) were trimmed. The clean paired-end reads were assembled using Trinity (Grabherr et al. 2011 ) with the following parameters: Inchworm, -K -L 25, -min_kmer_cov 50; Chrysalis, -min_glue 2 -min_iso_ratio 0.05 -glue_factor 0.05 -min 200. The redundancy of the assembly was reduced using the cd-hit and then the CAP3 programs with a minimal overlap length of 21 bp and a sequence identity threshold of 0.95 Madan 1999, Li and Godzik 2006) .
The non-redundant reference transcriptome was annotated by searching against the NCBI non-redundant (Nr), Swiss-Prot, TrEMBL and Eukaryotic Orthologous (KOG) databases using BLASTX (E-value ≤ 1e-5). Blast2GO was used to obtain the Gene Ontology (GO) term annotations, and the classification of the GO terms was performed based on the Nr annotations (Götz et al. 2008) . Pathway annotations were conducted with the bidirectional best hit method in the Kyoto Encyclopedia of Genes and Genomes (KEGG) Automatic Annotation Server online tool (Moriya et al. 2007 ).
Gene expression analysis and GO terms enrichment
The reads for each sample were mapped onto the reference transcriptome by Bowtie2, and the quantification was carried out with RSEM software (Li and Dewey 2011) . Differentially expressed genes (DEGs) (P-value ≤ 0.001, false discovery rate (FDR) <0.001, |log fold change| >2) were then identified using the edgeR package (Robinson et al. 2010) . The heatmaps of the trimmed mean of M-values average normalized fragments per kilobase of transcript per million fragments mapped were complemented with the pheatmap package (Kolde 2015) . Gene Ontology enrichment analysis was carried out using the BiNGO 3.03 plugin tool in Cytoscape version 3.2.1 with GO_full categories. Over-represented GO categories were enriched using a hypergeometric test with a significance threshold of 0.05 after a Benjamini and Hocheberg FDR correction (Benjamini and Hochberg 1995) .
qPCR validation of DEGs
Quantitative reverse transcription PCR (qPCR) was performed as described by Cheng et al. (2016b) . Gene-specific primers for each DEG were designed using Primer5 software (see Table S12 available as Supplementary Data at Tree Physiology Online). All amplified fragments were sequenced for verification. qPCR used IQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) on a Bio-Rad Iq5 RT-PCR instrument with the following program: 95°C for 3 min, and then 40 cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. Correlations between the qPCR quantifications and RNA-Seq data were determined with Spearman's rank correlation coefficient in R version 3.2.2 (R: The R Project for Statistical Computing).
Measurements of electrolyte-leakage and ABA content
To test cold resistance in Hevea, electrolyte leakage was assessed as described by Cheng et al. (2015) . Briefly, leaves on rubber tree seedlings were rinsed with distilled, deionized water to remove possible ion contamination on their surfaces before cold treatment. The seedlings were then cultivated at 5°C or 0°C in a climate chamber for 24 h. Five intact leaves from each seedling were cut at their junction of petiole and leaf blade, and then placed into a 20 × 150 mm 2 glass test tube containing 10 ml distilled, deionized water. The tubes were shaken at 300 rpm overnight in a slanted position. Afterward, the conductivity of each solution was measured with a conductivity detector (Mettler-Toledo SevenEasy, Zurich, Switzerland) and denoted leakage conductivity. The solutions were then boiled for 30 min to completely lyse the plant cells. The measured conductivity of each boiled solution was denoted as total conductivity. The leakage percentage was calculated by dividing the leakage conductivity by the total conductivity. For measurement of ABA content, leaves were homogenized in liquid nitrogen and then extracted with 10 mM HCl, 1% polyvinylpyrrolidone in methanol overnight at 4°C. After centrifugation, supernatant was neutralized with 1 M NaOH, and ABA content was quantified by ELISA with a CUSABIO ABA ELISA kit (Wuhan, China).
Results
Differences in cold resistance of the rubber tree clones CATAS93-114 and Reken501
The rubber tree clones CATAS93-114 and Reken501, when cultivated in Chinese plantation, exhibit distinct differences in cold resistance. CATAS93-114 is normally recommended as a cold-resistant clone, while the Reken501 is cold sensitive. To characterize their cold hardiness, an electrolyte leakage test was performed at 5°C and 0°C. Significantly less leakage occurred for the CATAS93-114 leaves than for the Reken501 leaves ( Figure 1 ). The CATAS93-114 leaves had a leakage of 11% at 5°C, whereas that for Reken501 was 24%. At 0°C, the leakage percentages were 39% and 56%, respectively. The CATAS93-114 leaves leaked less, reaffirming that this clone is more resistant to low temperatures than Reken501.
Sequencing and de novo assembly of the transcriptomes
To identify the rubber tree genes involved in cold signaling, CATAS93-114 and Reken501 seedlings were first subjected to a temperature of 4°C for 0, 2, 8 or 24 h. Then, 24 cDNA libraries were prepared from these samples (three biological replicates for each clone at each timepoint) and subjected to paired-end sequencing. Filtering of adapter sequences and discarding lowquality reads yielded 792.4 million high-quality, paired-end reads with a mean length of 100 bp (see Table S1 available as Supplementary Data at Tree Physiology Online). The RNA-Seq data from each library are at least fourfold of the reference genomes and 40-fold of the reference transcriptome (see Table S1 available as Supplementary Data at Tree Physiology Online). All the clean reads of 24 libraries have been deposited in the Sequence Read Archive at the NCBI database with the SRA accession No. SRP132129.
The reference transcriptome was de novo assembled using Trinity (Grabherr et al. 2011) . The assembly contained 147,353 contigs, including sequence isoforms. The programs cd-hit (Li and Godzik 2006) and CAP3 (Huang and Madan 1999) were used to removed 45,188 and 2065 redundant sequences, respectively. Finally, a total of 100,100 contigs representing unique transcripts with an N50 length of 2048 bp remained in the reference transcriptome (Table 1) .
Functional annotations and classifications of the DEGs
The sequences of the assembled contigs were searched against Nr, Swiss-Prot, TrEMBL and COG databases. Of the 100,100 transcripts, at least one hit was returned for 67,864, and >90% of the contigs had hits in more than one database (Figure 2A) . Among the 66,638 transcripts annotated in Nr database, 59.2% matched those of Ricinus communis ( Figure 2B ), which also belongs to the Euphorbiaceae family and is phylogenetically very close to the Hevea genus (Chan et al. 2010) . A total of 26,393 transcripts were assigned at least one GO term, and, on this basis, the transcripts were classified into 58 functional groups in the GO database. A total of 14,631 transcripts were assigned at least one of the 2384 KEGG Ontology IDs, which mapped to 117 pathways.
The assembly quality of annotated transcripts of the reference transcriptome was evaluated by dividing the predicted coding length of each transcript by the total coding length of the subject gene in the Nr database, and computing the ortholog hit ratio (O'Neil et al. 2010) . For the annotated unigenes, the average ortholog hit ratio was~0.58, and >37% of them had ratios >0.8, which indicated that the sequences of the transcripts had been fully or almost fully assembled. A peak ratio of 1.0 also demonstrated that the assembled unigenes were almost all annotated ( Figure 2C ).
Differential expression profiles induced by chilling stress
To identify genes that were differentially expressed as a result of chilling, we filtered the comparative expression results with an FDR ≤ 0.001 and |log 2 (ratio)| ≥ 2. To minimize false positives Figure 1 . The rubber tree clone CATAS93-114 is more resistant to cold stress than is the Reken501 clone. Electrolyte leakage percentage for CATAS93-114 and Reken501 leaves were measured after a 24-h exposure to 5°C or 0°C. Data are presented as the mean ± standard deviation of mean of five biological replicates. **P < 0.05 for differences between the two clones. and negatives, genes that had read counts <10 in each sample were removed. A total of 7870 DEGs were identified in the 24 samples, with 4511 found for Reken501 and 5319 for CATAS93-114. Two groups of samples were formed upon hierarchical clustering: early stage of chilling treatment (0 and 2 h) and late stage of chilling treatment (8 and 24 h; Figure 3A ). In each group, the CATAS93-114 and Reken501 samples were distinguishable, indicating that the differences in transcription induced by chilling exceeded those inherent in the clones. Hierarchical clustering cast the 7870 DEGs into seven distinct major clusters ( Figure 3A) , which displayed contrasting expression profiles. Cluster Cl1, containing 3698 genes, was the largest (46.99% of all DEGs), and the genes within this cluster were highly expressed at 8 and 24 h. Cluster Cl6 contained 1727 DEGs that were highly expressed at 0 and 2 h. Cluster Cl3 contained 600 genes that were highly expressed in Reken501; conversely, the 554 genes found in cluster Cl5 were expressed mainly in CATAS93-114. Additional details concerning the clusters are found in Table S2 available Tree Physiology Online at http://www.treephys.oxfordjournals.org
To further evaluate differences in the DEG profiles of CATAS93-114 and Reken501, we made two comparisons. First, the DEGs belonging to each clone at each time point were identified, and we found that 614 (292 up-and 322 downregulated), 694 (353 up-and 341 downregulated), 829 (468 up-and 361 downregulated) and 799 (536 up-and 263 downregulated) genes were differentially expressed at 0, 2, 8 and 24 h during chilling, respectively. Among the 1676 DEGs for the two clones, 163 were differentially expressed at all times ( Figure 3B) .
The transcriptomes at each timepoint were then compared in the two clones, respectively. For CATAS93-114, there were 164 DEGs at 2 h (133 up-and 31 downregulated), 2102 at 8 h (1594 up-and 508 downregulated) and 4539 at 24 h (3397 up-and 1142 downregulated) in comparing with that at 0 h chilling. For Reken501, the numbers of DEGs were 151 at 2 h (126 up-and 25 downregulated), 1296 at 8 h (925 up-and 371 downregulated) and 4104 at 24 h (2984 up-and 1120 downregulated) ( Table 2 ). CATAS93-114 and Reken501 had a comparable number of DEGs at 2 h and at 24 h. Conversely, at 8 h, CATAS93-114 had a significantly greater number of DEGs (2102) than did Reken501 (1296, P = 3.65e-15), indicating a different transcriptome response profile for the two clones by 8 h of chilling.
We then compared the differential expression of genes between adjacent timepoints to determine at which of the stages expression was mostly affected. Interestingly, many more genes were induced in CATAS93-114 than in Reken501 between 2 and 8 h. For CATAS93-114, 1060 (980 up-and 80 downregulated) and 198 (176 up-and 22 downregulated) genes were differentially expressed at 8 h compared with 2 h, and 24 compared with 8 h, respectively, whereas for Reken501, the respective numbers of DEGs were 195 (193 up-and 2 downregulated) and 347 (338 up-and 9 downregulated) (see Table S3 available as Supplementary Data at Tree Physiology Online). These profiles indicated that CATAS93-114 responded more rapidly and intensively to chilling than did Reken501, especially from 2 to 8 h.
Categorization of DEGs
To explore the possible DEG functions, the categorization was carried out with GO enrichment analysis. We first enriched the GO terms associated with genes in the cluster Cl1 (a late stage of chilling cluster) and in the Cl6 cluster (an early stage of chilling cluster) and with those preferentially expressed in Reken501 (Cl3 cluster) and in CATAS93-114 (Cl5 cluster). Only the GO terms associated with genes in cluster Cl1 and Cl5 could be effectively enriched. For cluster Cl5, GO terms associated with 'dephosphorylation of inositol trisphosphate (IP3)' were enriched; when IP3, a second messenger, is dephosphorylated, its signaling pathway is terminated (Thatcher 2010) . For cluster Cl1, 59 GO terms were enriched, with those associated with 'response to varied stimulus' being most abundant (see Table S4 available as Supplementary Data at Tree Physiology Online). These enriched GO terms suggested that defense functions were most active during the late stage of chilling (8-24 h).
We then categorized the 1676 DEGs that were differentially expressed between the two clones, and found the most abundant GO terms to be 'protein kinase activity' and 'binding activity' ( Figure 4A and see Table S5 available as Supplementary Data at Tree Physiology Online). Enrichment of the GO terms associated with the genes that were differentially expressed between 2 and 8 h in each clone revealed many differences between clones (see Table S3 available as Supplementary Data at Tree Physiology Online). For Reken501, the GO terms associated with 'xyloglucan: xyloglucosyl transferase', 'O-glycosyl hydrolase' and 'DNA-binding activity' were enriched for 195 of the DEGs between the 2 and 8 h samples ( Figure 4B and see Table S6 available as Supplementary Data at Tree Physiology Online). For CATAS93-114, the enriched GO terms annotated for 1060 DEGs were 'transcription regulator', 'adenylyl-sulfate reductase' and 'pectinesterase inhibitor' in addition to the enriched GO terms found for Reken501 ( Figure 4C and see Table S7 available as Supplementary Data at Tree Physiology Online). Categorization of DEGs demonstrated that more classes of genes were activated in CATAS93-114 than in Reken501 during 8 h of chilling stress.
Alterations in ABA metabolism and its signaling pathway in response to chilling
The enriched GO terms for the DEGs in cluster Cl1 included 'response to plant hormones' (GO-id: 9725), 'response to abscisic acid stimulus' (GO-id: 9737), 'response to jasmonic acid stimulus' (GO-id: 9753), 'response to salicylic acid stimulus' (GO-id: 9751) and 'response to ethylene stimulus' (GO-id: 9723; see Table S4 available as Supplementary Data at Tree Physiology Online). Plant hormones regulate responses to changing environmental conditions by inducing signal transduction and promoting tolerance to environmental stresses (Rahman 2013 , Colebrook et al. 2014 , Smékalová et al. 2014 , Kazan 2015 . Among the aforementioned hormones, ABA is essential for resistance to drought and cold stresses (Yoshida et al. 2010, Guo et al. 2014 , Nakashima et al. 2014 , Watanabe et al. 2014 . When plants suffer an abiotic stress, ABA accumulates and activates ABA-dependent gene expression (Nakashima et al. 2014) . We identified the genes responsible for ABA metabolism and its dependent signaling pathway (see Tables S8 and S9 available as Supplementary Data at Tree Physiology Online). Only one candidate gene, nine-cis-epoxycarotenoid dioxygenase (NCED), was identified in the Hevea reference transcriptome.
NCED encodes a rate-limiting enzyme responsible for ABA biosynthesis. In addition, four cytochrome P450 CYP707A genes were identified, which encode ABA 8′-hydroxylases and are responsible for ABA degradation (see Table S8 available as Supplementary Data at Tree Physiology Online). NCED expression was significantly upregulated by 24 h in both clones, and its expression was a little bit higher in CATAS93-114 (see Table S9 available as Supplementary Data at Tree Physiology Tree Physiology Online at http://www.treephys.oxfordjournals.org Online). ABA2, a member of the ABA-biosynthesis pathway, encodes an enzyme that converts xanthoxal into ABA-aldehyde (Finkelstein and Rock 2002) and was slightly downregulated by 24 h, with its expression being significantly lower in Reken501 than in CATAS93-114 ( Figure 5A and see Table S9 available as Supplementary Data at Tree Physiology Online). CYP707A1 was the only highly expressed cytochrome P450 gene and was strongly induced by chilling stress ( Figure 5A and see Table S9 available as Supplementary Data at Tree Physiology Online). The number of CYP707A1 transcripts was significantly greater in Reken501 than CATAS93-114 by 24 h. The relatively greater expression of NCED and ABA2 as well as the decreased expression of CYP707A1 in CATAS93-114 suggested that this clone may accumulate more ABA in response to chilling. As a resistance regulator of abiotic stresses, ABA affects expression of several genes for which the encoded proteins are activated downstream of the ABA-dependent signaling pathway. The expression of at least three transcription factors, namely MYC/MYB, NAC and AREB, is regulated by ABA (Nakashima et al. 2014) . The homologous genes of these transcription factors and the genes whose expression they control showed distinct expression patterns in response to chilling ( Figure 5A and see Tables S8 and S9 available as Supplementary Data at Tree Physiology Online). Expression of MYC2 was significantly induced by 24 h in CATAS93-114 and Reken501, whereas expression of MYB2 was not changed ( Figure 5A ). Expression of RD22, which occurs downstream of the MYC/MYB transcription factors, was repressed in Reken501 and significantly less than in CATAS93-114 where its expression was un-altered throughout the experiment ( Figure 5A and see Table S10 available as Supplementary Data at Tree Physiology Online). Expression of the ABA-responsive gene NAC/RD26 was not significantly altered by chilling, whereas expression of the downstream ERD1 gene was upregulated in each clone.
AREBs are important transcription factors that bind to ABRE cis-elements and regulate ABA-induced gene expression (Yoshida et al. 2010) . Two AREB genes were identified in the H. brasiliensis reference transcriptome. Expression of AREB1 was not altered by chilling, whereas that of AREB2 was repressed. Expression of AREB-regulated RD20 differed between the two clones. Expression of RD20 was induced in the Reken501 by 8 h and then repressed by 24 h, whereas in CATAS93-114, RD20 expression was unchanged throughout the experiment. RD20 expression was significantly greater in Reken501 than in CATAS93-114 at 8 h. The expression profiles of the three major classes of ABA-dependent transcription factor genes and their regulated genes indicated that ABA-regulated genes were not always induced by chilling in the clones, which may be a reason that the rubber tree is sensitive to cold. The different expression patterns of RD22 and RD20 in CATAS93-114 and Reken501 suggests a reason why the two clones differ in their resistance to cold temperature.
Response of the ABA-independent pathway to chilling
In addition to ABA-dependent pathway genes that regulate cold tolerance, there exists a second class of genes for which expression is controlled by cold stress but not by ABA. The DRE ciselement with the sequence A/GCCGAC is required for activation of ABA-independent genes, which are regulated by DRE-binding (DREB) transcription factors (Chinnusamy et al. 2010 , Thomashow 2010 , Jeon and Kim 2013 . Two subgroups of AP2/ERF transcription factor genes, namely DREB1/CBF and DREB2, have been shown to regulate a large number of stress-responsive genes (Liu et al. 1998 , Medina et al. 1999 , Lee et al. 2010 . Expression of the CBF1 homologous gene and its downstream COR47 gene have been identified in rubber trees (Cheng et al. 2015) . In our present study, we found that CBF1 and COR47 genes were significantly induced by chilling in Reken501 and CATAS93-114 ( Figure 5B) . We also identified a DREB2-subfamily gene that responded to chilling ( Figure 5B and see Table S9 available as Supplementary Data at Tree Physiology Online). The expression profiles of the rubber tree DREB2, CBF1 and COR47 genes revealed that the ABA-independent pathway was active to the same extent in both clones, which also suggested that the ABA-independent pathway does not confer cold hardiness variation for these two clones.
Signal pathways that are activated early in response to chilling
Although no cold-stress sensor has been identified in plants, induction of a Ca 2+ channel in the plasma membrane and elevation of the cytosolic Ca 2+ level is believed to be the early coldstress signal transferred into plant cells from the environment (Chinnusamy et al. 2010 ). The calcium exchanger 1 (CAX1) gene encodes a vacuolar Ca 2+ /H + antiporter, and, when mutated, increases the cytosolic Ca 2+ level and enhances expression of CBF/DREB proteins and their downstream COR genes in Arabidopsis (Catalá et al. 2003) . Cytosolic Ca 2+ signatures are upstream of several pathways, including CDPKs, calmodulins, and the ROS activated MAPK cascade (Shinozaki and Yamaguchi-Shinozaki 2007) . The CDPKs are positive regulators of stress-induced transcription, whereas calmodulin is a negative regulator of cold tolerance (Pareek et al. 2010) . Cold stress may also induce accumulation of ROS, which act as a signaling molecule to reprogram the transcriptome through the induction of Ca 2+ signatures and activation of the MAPK cascade (Teige et al. 2004 , Chinnusamy et al. 2010 . NADPH oxidases and respiratory burst oxidase homologs (RBOHs) participate in ROS production pathways (Suzuki et al. 2011 , Baxter et al. 2014 , whereas NAD(P)H dehydrogenase destroys ROS and alleviates oxidative damage caused by the cold (Li et al. 2004 , Wang et al. 2006 ). In the rubber tree reference transcriptome, we identified homologous genes that are involved in influx as well as ROS production and their signaling pathways (see Table S11 available as Supplementary Data at Tree Physiology Online). CAX1 was induced in Reken501, and repressed in CATAS93-114 ( Figure 6 ). These different expression profiles for CAX1 may cause differences in cytosolic Ca 2+ signatures, thereby triggering CDPK, calmodulin and MAPK-cascade signaling. Expression of the CDPK genes was minimal, although slightly upregulated in Reken501, whereas the calmodulin gene expression was repressed in both clones ( Figure 6 ). Expression of genes involved in ROS production and signaling was also investigated. The rbohD, which encodes an NADPH oxidase and is involved in ROS production (Suzuki et al. 2011 , Baxter et al. 2014 , was expressed at a higher level in Reken501 at 0 h than when the Reken501 seedlings were chilled ( Figure 6 ). NdhG, which encodes the NAD(P)H dehydrogenase subunit 6 involved in scavenging of ROS, was expressed at a higher level in CATAS93-114 than in Reken501 at 0 and 2 h (Figure 6 ). The expression patterns of rbohD and ndhG suggested that CATAS93-114 can more competently cope at early stage with ROS production that was induced by chilling. MAPK and MAPKKK, two components of the MAPK cascade, were upregulated throughout the experiment in both clones (Figure 6 ), indicating that the MAPK cascade is also involved in the cold-stress response. In addition, the significantly greater expression of MAPKKK in CATAS93-114 suggested that the MAPK cascade regulates the response to chilling in rubber trees ( Figure 6 ). The expression profiles of genes involved in early signaling events indicated that CATAS93-114 and Reken501 differ in their responses to chilling early on and that their responses are magnified via each signaling pathway, resulting in differences in resistance to cold.
Abscisic acid accumulation in response to chilling
We measured ABA accumulation over time in both clones. Abscisic acid content increased when the clones were subjected to chilling, and CATAS93-114 accumulated a significantly greater amount of ABA at 8 and 24 h. These results suggested that DEGs involved in ABA metabolism and its signaling contribute to the cold hardiness of rubber trees (Figure 7) .
Validation of gene expression profiles by qPCR
To confirm the accuracy and reproducibility of the RNA-Seq results, 22 of the annotated DEGs in the aforementioned pathways were chosen for qPCR. The same samples that had been used for RNASeq were used for qPCR. The differential expression patterns obtained by qPCR were highly consistent with the differential expression profiles of the RNA-Seq data for all 22 genes (Figure 8 ). These results supported the reliability of the RNA-Seq data.
Discussion
Differences in transcriptomes of CATAS93-114 and Reken501 in response to chilling Previously, we characterized several rubber tree genes for which expression was affected by chilling (Cheng et al. 2008 , Cheng et al. 2016b ). However, insight into the changes in the transcriptome induced by the cold were still required to increase our understanding of the cold response mechanisms in rubber trees.
Herein, we report a comparative transcriptome study to identify genes differentially affected by chilling over time and/or between rubber tree clones. A total of 7870 DEGs were identified, with the numbers of genes affected by chilling differing greatly between the cold-resistant CATAS93-114 and coldsensitive Reken501 clones from 2 to 8 h. These different DEG profiles may greatly impact the extent of resistance of the rubber trees to chilling, as the larger number of DEGs in the coldresistant clone suggest that it has a greater ability to adapt to chilling. In temperate regions, changes in a plant transcriptome occur very rapidly in response to cold. For example, the Arabidopsis gene CBF1 is expressed by 15 min, and reaching a maximum level by 2 h in response to low temperature (Medina et al. 1999) . For the rubber tree, expression of CBF1 was detected by 2 h of chilling, reaching a maximum by 8 h (Cheng et al. 2015) . Similar expression patterns have been found for other cold-responsive genes of rubber tree, including COR47, EBP1 and the Dehydrin (Cheng et al. 2016a , 2016b , Cao et al. 2017 . We suspect that relatively slow expression responses led to rubber trees being sensitive to the cold. New expression of genes with protein products that protect against the cold between 2 and 8 h appears to be essential for rubber trees to resist the effects of low temperature.
Early signal transduction
Signaling molecules expressed early under cold conditions are essential to counteract the environmental conditions. Previous Figure 7 . Abscisic acid accumulation during chilling in CATAS93-114 and Reken501. Endogenous ABA content was measured at the four timepoints in CATAS93-114 and Reken501. Data are presented as the mean ± standard deviation of mean of five biological replicates. DW, dry weight; **P < 0.05 for differences between the two clones indicates significant difference between the clones. Tree Physiology Volume 38, 2018 Figure 8 . qPCR validation of 22 selected genes. The qPCR value for each gene is the mean ± standard deviation of three biological replicates. The plot at the bottome right of the figure shows the correlation between the expression data determined by qPCR and the FPKM values for each gene. NCED, nine-cis-epoxycarotenoid dioxygenase; CYP707A1, cytochrome P450 family CYP707A; RD20, response to desiccation family RD20; RD22, response to desiccation family RD22; NAC72, NAC domain-containing protein 72; ERD1, endoplasmic reticulum proteins 1; AREB, abscisic acid-responsive element binding protein; CBF1, CRT/DRE binding factor 1; DREB2, dehydration responsive element binding protein 2; COR47, cold responsive protein 47; Cax1, cation/proton exchanger 1; CDPK, calcium-dependent protein kinase; CaM, calmodulin; rbohD, respiratory burst oxidase protein D; ndhG, NADH dehydrogenase subunit 6; MAPK, mitogen-activated protein kinase; MAPKKK, mitogen-activated protein kinase kinase kinase.
Tree Physiology Online at http://www.treephys.oxfordjournals.org studies revealed that Ca 2+ , ROS and IP3 are involved in coldresistance in Arabidopsis (Catalá et al. 2003 , Li et al. 2004 , Baxter et al. 2014 ). Our data reveal that genes that maintain homeostasis of small molecules are regulated by chilling, indicating that these molecules participate in early cold signaling events. Reactive oxygen species are traditionally regarded as toxic molecules. but recent studies have focused on their roles as signaling molecules Mittler 2006, Baxter et al. 2014) . Generation and scavenging of ROS are carefully controlled in plant cells, but cold stress disrupts this balance (Wang et al. 2006 , Baxter et al. 2014 . Typically, an ROS burst results in oxidative damage to lipids, proteins and DNA. Enzymes that eliminate ROS are crucial for chilling resistance in rubber trees (Mai et al. 2010) . We found that genes involved in the ROS burst were differentially expressed between the two types of rubber tree clones, with less ROS accumulating in the resistant clone. We conclude that the decreased ROS level appeared to contribute to chilling resistance by alleviating oxidative stress. In addition, we also found downstream ROS-signaling pathways to be differentially regulated. The MAPK cascade translates external stimuli into cellular responses and is required for signal transduction related to cold and other abiotic stresses. The greater MAPKKK expression in CATAS93-114 suggested a stronger MAPK-cascade response in the resistant clone. The different gene expression profiles involved in the early response to ROS metabolism and signaling indicated that the roles of ROS may contribute to cold resistance in rubber trees.
Abscisic acid metabolism and its signaling pathways
Abscisic acid regulates gene expression in response to cold, drought and osmotic stresses by perceiving those signals and then controlling ABA metabolism to increase the ABA content in vivo (Rock et al. 2010) . Abscisic acid metabolism is controlled by several enzymes, including NCED, ABA2 and CYP707A1, which maintain the concentration of ABA at a appropriate level (Finkelstein and Rock 2002) . We found that genes encoding enzymes for ABA metabolism were differentially expressed in the two clones, which suggested that ABA would accumulate to different levels in vivo. We also found that the ABA content was greater in CATAS93-114. Expression of genes associated with ABA-signaling also showed different profiles ( Figure 5 ). These results suggest that metabolism of ABA and its signaling pathways contributed to the observed variation in cold resistance between the clones, which may have great relevance for cultivation and breeding of rubber trees in the regions that experience cold stress.
Other players involved in cold tolerance in H. brasiliensis
Tolerance to chilling involves complex physiological mechanisms reflected as many different cellular processes and metabolic pathways. Photosynthetic capacity, membrane permeability, enzymatic activities for ROS elimination and other cellular processes and metabolic responses confer chilling tolerance to rubber trees (Mai et al. 2010 , Baxter et al. 2014 . The jasmonate-and ethylene-signaling pathways also coordinate a large number of genes involved in chilling tolerance (Shi et al. 2012 , Hu et al. 2013 , Pirrello et al. 2014 , Sun et al. 2016 ). Overexpression of ERF-IXc5 enhances chilling tolerance in rubber trees, suggesting the hormone ethylene is involved in cold tolerance in rubber trees (Lestari et al. 2018) . Certain sugars, lipids and other metabolites are also associated with stress tolerance. For example, the disaccharide trehalose is considered to be a universal stress-response molecule, protecting cells and biomolecules from injury imposed by freezing and other stresses (Iordachescu and Imai 2008 , Fernandez et al. 2012 , ReinaBueno et al. 2012 . We found that genes encoding proteins involved in trehalose biosynthesis and its metabolism were significantly enriched in the Cl1 cluster (late-stage expression; see Table S4 available as Supplementary Data at Tree Physiology Online), suggesting that this oligosaccharide also helps protect rubber trees from damage caused by chilling. Lipids play a vital role in cold tolerance in a variety of organisms because fatty acid desaturation and shifts in membrane lipid composition are known to be important factors in acclimation to both chilling and freezing temperatures (Tokuhisa et al. 1997 , Moellering et al. 2010 . Four genes (Contig138, C37527.graph_c0, C37527. graph_c1 and C16043.graph_c0) encode phospholipid dephosphorylation activity and were over-represented in cluster Cl5 (see Table S4 available as Supplementary Data at Tree Physiology Online). Notably, these genes were upregulated in CATAS93-114, suggesting a mechanism by which CATAS93-114 can cope with changes in organelle volume and in membrane integrity induced by chilling stress (Moellering et al. 2010 ). Because chilling influences a variety of cellular and physiological processes, many mechanisms impact the degree to which plants tolerate chilling, and there are many players that have impacts on chilling tolerance in plants. Rubber trees originated in tropical region and had no need to acclimate to chilling-induced stress until transplanted in cooler regions. As noted above, many signaling and metabolic pathways have been demonstrated to be involved in resistance to chilling, including the ABAdependent pathways, ROS metabolism and the signaling pathways, Ca 2+ flux and lipid metabolism. To understand how these mechanisms are integrated, a long-term metabolomic study should be performed to provide additional information on how rubber trees can be made to resist chilling-induced stress.
Conclusions
Between 2 and 8 h of chilling, more genes in the cold-resistant clone CATAS93-114 were more rapidly upregulated than in the cold-sensitive clone Reken501, indicating a more rapid and intensive response to cold. The protein products of the DEGs participate in ABA metabolism and signaling, the ABA-independent pathway, and early signal perception. These results suggested that changes in expression pattern contribute to the cold-resistance in rubber trees.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online.
